. Involvement of ROCK-mediated endothelial tension development in neutrophil-stimulated microvascular leakage.
microvascular permeability; neutrophil-endothelium interaction; signal transduction; cytoskeleton THE MICROVASCULAR BARRIER regulates fluid and solute exchange between blood and the tissues. During inflammation, inflammatory mediators can cause excessive microvascular leakage, resulting in edema and tissue dysfunction. Endothelial cells play an active role in the regulation of microvascular permeability (21, 51) . Electron microscopy studies by Majno and Palade (26) suggested that increases in permeability are attributed to elevated paracellular flux of solutes through gaps formed between endothelial cells. Subsequently, several reports have suggested that inflammatory mediator-induced gap formation between endothelial cells is often caused by two concomitant actions: 1) increased actomyosin-driven contraction of endothelial cells and 2) decreased adhesiveness between endothelial cells (12, 13, 32, 33, 50) . Thus regulation of the endothelial barrier involves a dynamic balance between actomyosin-dependent centripetal forces and adhesion-dependent centrifugal forces in individual endothelial cells. The specific mechanisms regulating these events, however, are not clear.
Polymorphonuclear leukocytes (PMN), predominantly neutrophils, play an important role in inflammatory responses by releasing various hyperpermeability factors (6, 9, 25, 57) . Our laboratory has previously demonstrated that C5a-activated PMN increase permeability in both cell monolayer and isolated venule models (8, 42, 43, 52) . The permeability increases were associated with increased dual phosphorylation of myosin regulatory light chains (MLC), actin stress fiber formation, and tyrosine phosphorylation of the adherens junction protein ␤-catenin (14, 42, 43, 52) .
The role of the signaling protein rho kinase (ROCK) in microvascular permeability regulation has recently become an interesting topic, particularly because the precise role of ROCK is controversial. Several studies using cultured endothelial cell models report that ROCK promotes increased permeability in response to various edemagenic stimuli (10, 27, 45, 46, 48, 58) . However, other studies utilizing rodent mesenteric microvessels report that ROCK is not involved in permeability regulation (1, 2) . Recently, we reported that C5a-activated PMN cause an increase in RhoA activity in endothelial cells and that inhibition of ROCK attenuated PMNstimulated hyperpermeability (8) . However, this study was limited to an endothelial cell monolayer model and did not involve an assessment of permeability in microvessels. The biomechanical basis for ROCK-mediated hyperpermeability remains to be established.
Thus the first objective of this study was to test the hypothesis that ROCK promotes venular hyperpermeability. Keeping in mind that actin-myosin-mediated contraction is thought to regulate permeability (13, 28, 29, 31, 47) , at least in part, and that ROCK is involved in the regulation of actin (3, 4) , the second objective was to test the hypothesis that ROCK-mediated increases in venular permeability are associated with elevated endothelial cell isometric tension. We applied an integrative approach to study these objectives, using both isolated venule and venular endothelial cell monolayer models.
We used the protein transfection technique that we developed before (40, 44) , complemented by a pharmacological approach, to specify the role of ROCK in mediating inflammatory hyperpermeability.
MATERIALS AND METHODS

Materials.
Human C5a, Y-27632, and H-1152 were obtained from Calbiochem (San Diego, CA). Recombinant ROCK II protein (contains the catalytic domain and a His tag) was from Upstate (Lake Placid, NY). Endothelial basal medium and endothelial growth medium (EGM) were obtained from Clonetics (San Diego, CA). FITCalbumin, FITC-phalloidin, Hoechst 33342, and cytochalasin D were from Sigma (St. Louis, MO). Goat anti-His tag and anti-goat IgG-FITC antibodies were from Santa Cruz (Santa Cruz, CA). Rabbit anti-phospho-MLC, rabbit anti-MLC, and anti-rabbit horseradish peroxidase antibody were from Cell Signaling (Beverly, MA). TransIT-LT1 was from Mirus (Madison, WI). Vectashield mounting medium was from Vector Laboratories (Burlingame, CA).
Isolated coronary venule permeability model. All animal protocols were performed with approval from the University of California at Davis and Texas A&M Institutional Animal Care and Use Committees and in accordance with the National Research Council's Guide for the Care and Use of Laboratory Animals. This technique has been described previously in detail (53, 55, 56) . Briefly, Yorkshire pigs (male or female, randomly selected), ϳ5 wk old and weighing 9 -13 kg, were sedated with Telazol (tiletamine-zolazepam; 4.4 mg/kg im) and xylazine (2.2 mg/kg im), anesthetized with pentobarbital sodium (30 mg/kg iv), and heparinized (250 U/kg iv). A left thoracotomy was performed, and the heart was excised and placed in 4°C physiological saline. For each experiment, a venule 30 -60 m in diameter was dissected and cannulated with a micropipette on each end, with a third smaller pipette inserted into the inflow micropipette. In transfection experiments, a fourth smaller pipette was inserted into the outflow pipette. Each micropipette was connected to a reservoir to allow independent control of intraluminal perfusion pressure and flow. The vessel was interchangeably perfused with either physiological salt solution through the outer pipette or the same perfusate containing FITC-albumin through the inner inflow pipette. Transfection reagent (TransIT-LT1) and ca-ROCK protein were administered via the inner outflow pipette by reversing flow. C5a and isolated PMN were added to the bath solution. The permeability of the vessel was quantified by measuring the ratio of transvascular flux to the transmural concentration difference of the tracer (53) . The apparent solute permeability coefficient of albumin (P a) is calculated as Pa ϭ (1/⌬If)(dIf/dt)0(r/2), where ⌬If is the initial step increase in fluorescent intensity, (dIf/dt)0 is the initial rate of gradual increase in intensity as solutes diffuse out of the vessel, and r is the venular radius. For every experiment, venules were perfused at a constant perfusion pressure of 10 cmH 2O at a flow velocity of 7 mm/s.
Protein transfection. Transference of ca-ROCK into endothelial cells was performed using a previously described protein transfection method (39, 40, 44) . Briefly, ca-ROCK (3 g/ml) is combined with the polyamine transfection reagent TransIT-LT1 (10 l/ml) and then incubated with coronary venular endothelial cells (CVEC) or perfused through an isolated venule for the times indicated.
Isolation and activation of porcine neutrophils. Porcine neutrophils (PMN) were isolated as previously described (42, 43, 52) . Briefly, porcine arterial blood was centrifuged for 20 min at 300 g to separate plasma and blood cells. The plasma was centrifuged for 10 min at 2,500 g to obtain platelet-poor plasma (PPP). The buffy coat was removed, and the pellet containing red blood cells and PMN was incubated in a solution containing 2% gelatin and 20% PPP in Hanks' balanced salt solution at 37°C for 45 min. The supernatant was centrifuged at 300 g for 10 min, and PMN were further purified from the supernatant by hypotonic hemolysis. Viability and normal chemotactic function were verified as previously reported (54, 57) .
Endothelial cell culture and monolayer permeability assay. CVEC, harvested from the bovine heart (37), were routinely maintained in EGM supplemented with 10% fetal bovine serum. For permeability assays, cells were grown 4 -5 days on gelatin-coated Costar Transwell membranes (VWR, Houston, TX) as previously described (8, 43) . CVEC were treated with PMN (10 6 /ml) immediately followed by 10 Ϫ8 M C5a in the presence of FITC-albumin for the indicated times. The 10 6 PMN/ml suspension was chosen based on a standard procedure used by many laboratories and to ensure that concentrations of mediators secreted by PMN would be consistent between experiments. A 10 6 PMN/ml suspension translated into PMN:CVEC ratios ranging from 1:1 to 5:1, depending on the cultureware required for each experiment. These ratios are within the range used by others (20, 22) . For experiments with inhibitors, the indicated agent was added 20 min before the addition of PMN. Samples were collected from both the upper (luminal) and lower (abluminal) chambers for fluorometry analysis. Albumin concentrations were determined using a standard curve, and P a was calculated as Assessment of barrier function by transendothelial electrical resistance. Transendothelial electrical resistance (TER) was measured using an electrical cell motility system (CET, Iowa City, IA) as previously reported (15, 23, 28, 34) . Briefly, CVEC were cultured (10 5 cells/cm 2 ) on a small gold electrode array (Applied Biophysics, Troy, NY). Medium served as the electrolyte, and barrier function was dynamically measured by determining the impedance of a cellcovered electrode. A 1-V, 4,000-Hz alternating current signal was supplied through a 1-M⍀ resistor to approximate a constant-current source. The in-phase voltage (proportional to resistance) and the out-of-phase voltage (proportional to capacitive resistance) were measured. Endothelial monolayers with baseline resistance values below 5,000 ⍀ were excluded from the study. Endothelial barrier function is expressed as the fractional change in TER.
Measurement of cell monolayer isometric tension. Isometric tension of endothelial cells was dynamically measured using methods based on previously described systems (7, 16, 24) . Briefly, cells were grown to confluence on collagen gels affixed to polyethylene bars on two sides. The polyethylene bars on either side of the gel were connected to isometric force transducers (Harvard Apparatus, Natick, MA) using spinal needles bent 90°at each end. The force transducers were oriented in opposite vectors so that both measured increasing force as the gel contracts. Voltage output from each transducer was directed through a 4-Hz low-pass filter (National Instruments, Austin, TX) and then to a computer via a data-acquisition board (National Instruments). Measurements were made while the cell-covered collagen gel floated freely in serum-free medium containing 1% fatty acid-free BSA. Baseline was monitored for 60 min to make sure there was no drift in baseline tension. Before addition of drugs, sham experiments with vehicle only were performed to ensure that observed effects of drugs were not due to nonspecific mechanical disturbance of the collagen gels. In addition, sham experiments with no cells on the collagen gel were performed to exclude the possibility that drugs or PMN altered tension by directly acting on the collagen (data not shown). Mean changes in isometric tension are presented as force per units of surface area of gel covered by cells or as a percentage of the baseline tension.
Fluorescence microscopy. CVEC were grown to confluence on gelatin-coated, round No. 1 coverslips (VWR). After treatment with PMN and/or drugs, the cells were fixed in 4% paraformaldehyde in PBS for 5 min and permeabilized with 0.5% Triton X-100 for 5 min. Transfected ca-ROCK protein (which contains a His tag) was labeled with goat anti-His antibody followed by an anti-goat IgG-FITC secondary antibody. F-actin was labeled with FITC-phalloidin, and nuclei were labeled with Hoechst 33342. The coverslips were mounted on glass slides with Vectashield. Images were obtained using a Zeiss Axiovert 300M fluorescence microscope equipped with an AxioCam MRm black-and-white digital camera (Zeiss, Thornwood, NY). Digital images were collected using Zeiss Axiovision 4.0 software.
Data analysis. P a and tension (means Ϯ SE) are presented either as absolute values or as a percentage of baseline or control. ANOVA followed by Tukey's honestly significantly difference test was used to evaluate the significance of intergroup differences. Significance was accepted at P Ͻ 0.05.
RESULTS
To test the hypothesis that ROCK promotes increased microvascular leakage, we assessed P a in isolated coronary venules during transfection of ca-ROCK protein. After the addition of the ca-ROCK transfection mixture, P a steadily increased in magnitude and was significantly higher than baseline 50 min after the initiation of transfection. P a remained significantly elevated until the 100-min time point, after which P a remained slightly (but insignificantly) higher than baseline (Fig. 1) . Treatment of isolated coronary venules with the transfection reagent (TransIT-LT1) alone does not cause any changes in P a compared with baseline (42, 52) . When ca-ROCK transfection was performed in the presence of the ROCK inhibitor Y-27632, P a increased slightly but did not differ significantly from baseline ( Fig. 1) .
We next evaluated whether pharmacological inhibition of ROCK could attenuate PMN-induced increases in coronary venular P a . C5a-activated PMN caused a significant increase in P a within 7 min after the initiation of treatment and remained significantly elevated through the 20-min time point (Fig. 2A) . Pretreatment of isolated venules for 20 min with Y-27632 significantly diminished the PMN-stimulated increase in P a ( Fig. 2A) in a concentration-dependent manner (Fig. 2B) . The novel and structurally distinct ROCK inhibitor H-1152 also significantly attenuated PMN-induced hyperpermeability (time course data not shown) in a concentration-dependent manner (Fig. 2C) . We next sought to investigate biochemical and biophysical mechanisms that may be involved in ROCK-mediated hyperpermeability, which required the use of cultured endothelial cells. We verified that transfected ca-ROCK enters into CVEC by immunofluorescence labeling of the His tag contained in the ca-ROCK protein (Fig. 3, A and B) and investigated whether cultured CVEC functionally behave in a similar manner as isolated coronary venules. CVEC monolayers were ϳ10 times more permeable to albumin than isolated venules, with baseline P a values averaging 1.38 ϫ 10 Ϫ5 cm/s. Transference of ca-ROCK into CVEC monolayers increased P a (Fig. 3C ) and decreased TER (Fig. 3D) . Addition of the fresh, low-serum medium with no additives (control), or medium containing TransIT alone, TransIT plus ca-ROCK protein, or TransIT plus ca-ROCK protein and 5 ϫ 10 Ϫ6 M Y-27632, all transiently decreased TER. In all cases except the addition of TransIT plus ca-ROCK, TER quickly recovered to a level near baseline. Subsequent washout and addition of serum-free medium also transiently decreased TER, followed by a slow recovery toward baseline for the control, TransIT, and TransIT ϩ ca-ROCK ϩ Y-27632 groups. On the other hand, the mean TER of the TransIT ϩ ca-ROCK group remained diminished and was significantly lower than the other groups even 300 -360 min after the initiation of transfection (Fig. 3D and Table 1 ).
We also evaluated the response of CVEC monolayers to C5a-activated PMN. In our previous study, the PMN were incubated with C5a before their addition to CVEC monolayers (8) . However, in the current study we added PMN (10 Ϫ6 cells/ml) to the monolayer followed by 10 Ϫ8 M C5a, in a similar fashion as in isolated venule experiments. C5a-activated PMN caused a significant increase in P a 10 min after their addition (Fig. 4A) . Blockade of ROCK activity with either Y-27632 or H-1152 inhibited PMN-induced hyperpermeability in CVEC monolayers (Fig. 4B) . We further examined CVEC barrier function using TER. The addition of PMN and C5a to CVEC monolayers caused a transient decrease in TER with peak change in TER ϳ10 min after their addition. Addition of C5a alone did not change TER, and addition of PMN without C5a actually caused a transient increase in TER (Fig. 5A) . Both ROCK inhibitors, Y-27632 and H-1152, attenuated the PMNinduced decreases in TER (Fig. 5, B and C, and Table 2 ). These inhibitors did not significantly alter baseline TER when applied alone (data not shown).
We next investigated the association between endothelial cell tension development and PMN-induced endothelial hyperpermeability. Treatment of CVEC monolayers grown on collagen gels with PMN and C5a caused a transient increase in isometric tension, with an initial peak after approximately 5-6 min, followed by a steady, gradual increase in tension for the duration of the experiment (Fig. 6A, tracing 1) . Cytochalasin D abolished the increases in tension, verifying the essential role of cellular actin. Neither C5a alone nor PMN alone caused a change in tension (Fig. 6A, tracings 2 and 3) . When the time courses of PMN-stimulated changes in TER and isometric tension are overlayed, there appears to be a temporal relationship between the two events, although they are slightly out of phase. The peak increase in tension occurs ϳ5 min before the maximal change in TER. A peak in endothelial isometric tension development occurred at 4 -6 min into the time course, approximately the same time during the initial drop in TER. Tension decreased but remained elevated as TER continued to drop to its maximal change and on its return to baseline (Fig.  6B) . We also tested the involvement of ROCK in PMNinduced increases in endothelial isometric tension. Treatment with either Y-27632 or H-1152 attenuated the maximal PMNstimulated increase in tension observed in the time frame when P a was elevated (the first 20 min after addition of PMN and C5a; Fig. 6C ). To further examine the role of ROCK in endothelial tension development, we measured isometric tension in CVEC before and after transference of ca-ROCK protein into CVEC. Endothelial isometric tension began to gradually rise shortly after the addition of the ca-ROCK transfection mixture. This increase was abolished when the actin cytoskeleton was disrupted by cytochalasin D (Fig. 7A ). An overlay of the mean changes in isometric tension and TER during ca-ROCK transference shows a temporal correlation between these two events (Fig. 7B) . To further examine the mechanism of ca-ROCK transfection in CVEC, we investigated MLC phosphorylation on Thr18/Ser19, a dual-phosphorylation site that promotes actin-myosin association and contraction. Previously, our laboratory has shown that C5a-activated PMN increase MLC phosphorylation and F-actin polymerization in CVEC (8, 52) . Phosphorylation of MLC was increased 30 min after the start of ca-ROCK transfection and markedly increased at the 60-min time point (Fig. 7C ). In addition, there appeared to be an increase in F-actin stress fibers after transference of ca-ROCK into CVEC (Fig. 7, D and E) . In some areas, gaps were visible between endothelial cells as shown in Fig. 7E .
DISCUSSION
The data from the present study indicate the involvement of ROCK-mediated endothelial isometric tension development in neutrophil-induced microvascular barrier dysfunction. We demonstrate that neutrophil-induced hyperpermeability is attenuated by pharmacological blockade of ROCK using two distinct inhibitors. In addition, we also show that transfection of a recombinant, constitutively active ROCK protein increases permeability of both isolated coronary venules and CVEC monolayers. The increase in permeability occurs concurrently with an increase in endothelial isometric tension. Moreover, ROCK-mediated increases in permeability and tension are associated with MLC phosphorylation on Thr18/Ser19 and actin stress fiber formation. Together, these data suggest a mechanical coupling between ROCK activation and the disruption of endothelial barrier function.
This study is the first to our knowledge to demonstrate the direct effect of active ROCK on venular permeability and the involvement of ROCK in neutrophil-stimulated coronary mi- crovascular leakage. We chose an integrative approach, including both pharmacological inhibitors and transfection of a constitutively active ROCK protein, because of the inherent strengths and weaknesses associated with each technique. The data provide direct evidence indicating that ROCK promotes increased permeability in coronary venules. In support of our data, previous reports demonstrate that ROCK is involved in endothelial permeability increases stimulated by thrombin, VEGF, transforming growth factor-␤, and thermal injury (8, 10, 11, 27, 45, 46, 48, 58) . Moreover, we have previously shown that C5a-activated neutrophils cause RhoA activation in endothelial cells (8) , and others have shown that inhibition of ROCK attenuates neutrophil migration across endothelial monolayers (35) and neutrophil infiltration after subarachnoid hemorrhage or hepatic ischemia-reperfusion injury (36, 38) . In contrast, RhoA and ROCK do not appear to mediate plateletactivating factor and bradykinin-induced hyperpermeability in mouse and rat mesenteric venules (1, 2), and there are conflicting reports regarding histamine-induced hyperpermeability (18, 48) . Thus the rhoA/ROCK pathway may not serve as a common mediator for all types of edematous reactions and possibly has varying roles in permeability regulation in different vascular beds. Another interesting aspect of the ca-ROCK transfection studies was that the elevation in venular permeability lasted only ϳ100 min, which was shorter than we initially predicted. The reason for this is unknown, although we can speculate that the ca-ROCK protein is inactivated by enzyme cleavage or another unidentified mechanism over time and that the loss of activity allows restoration of the barrier. Alternatively, it is possible that ca-ROCK-mediated disruption of the venular endothelial barrier may indirectly activate other signaling pathways that promote a delayed restoration of the endothelial barrier.
With respect to the changes in TER caused by C5a-activated PMN, it is important to note that neither PMN nor C5a alone caused a decrease in barrier function. In fact, addition of PMN alone caused a transient increase in TER. This is probably due to the fact that the medium serves as the electrolyte and the addition of PMN suddenly creates a suspension of cells, increasing the resistance of this electrolyte. Subsequently, as the cells settle onto the endothelial cell monolayer, the original properties of the electrolyte are gradually restored. A similar initial increase in TER has also been observed when metastatic cells are introduced in the same manner to this type of system (23) . This raises the possibility that the observed decrease in TER caused by stimulation with C5a-activated PMN may actually underestimate the PMN-induced decrease in barrier function. However, this issue requires further investigation that is beyond the scope of the current study.
We also report, for the first time to our knowledge, that transference of ca-ROCK protein and C5a-activated PMN both cause an actin-dependent increase in venular endothelial cell monolayer isometric tension. The temporal profile of tension development followed the same pattern as that of MLC phosphorylation. Importantly, the maximal changes in tension occurred concomitantly with the MLC phosphorylation response. We have previously shown that C5a-activated PMN promote the dual phosphorylation of MLC in endothelial cells, as well as actin polymerization (8, 52) , events known to cause cell contraction. In support of our data, one previous study showed that PMN activated with N-formyl-L-methionyl-L-lucyl-L-phenylalanine (fMLP) increase MLC phosphorylation and isometric tension of endothelial monolayers (19) , in a somewhat similar fashion as we observed in the present study with C5a-activated neutrophils. We also report that inhibition of ROCK attenuates the PMN-stimulated increases in endothelial isometric tension. These data are concordant with our previous reports that ROCK inhibition attenuates PMN-induced actin polymerization in endothelial cells (8) and dual phosphorylation of MLC caused by inflammatory stimuli (41) . However, it is also worth noting that we observed a lag between ca-ROCKinduced MLC phosphorylation (noticeably increased at 30 min) and force development (starting at 10 min), indicating that the initial stage of ROCK-mediated contraction may involve other mechanisms that rapidly and transiently affect cell tension. Potential mechanisms include MLC phosphorylationindependent actin polymerization (29), microtubule reorganization, or focal adhesion-mediated force development (50) .
We employed an integrative approach to study ROCKmediated permeability that included both isolated venule and cell monolayer models because 1) obtaining biochemical data from venules is relatively difficult and 2) there is currently no model for measuring endothelial cell isometric tension in intact microvessels. In most cases, we observed similar functional data between these two models of permeability. One minor exception was the time course of ca-ROCK-induced barrier dysfunction, which can be attributed to the fact that endothelial cells grown in vitro are expected to respond to stimuli somewhat slowly compared with intact vessels. Despite this difference, the strength of using this two-model approach is the ability to readily correlate biophysical and biochemical data obtained in cultured endothelial cells with functional data obtained from isolated venules.
One important methodological detail we must note is that while endothelial cells were our target for pharmacological inhibition of ROCK, we cannot exclude the possibility that the pharmacological agents may have also directly influenced neutrophils. However, we think the data principally reflect inhibition of endothelial cell ROCK for a few reasons. First, the isolated venules or endothelial cells were exposed to the inhibitors for 20 min to allow adequate time for the inhibitors to cross cell membranes and bind to their intracellular target, ROCK. In contrast, PMN were only exposed to the pharmacological agents for a matter of seconds before activation with C5a. Second, the endothelial response to activated PMN occurred quickly, and it is questionable as to whether the pharmacological inhibitors of ROCK could have directly acted on the C5a-activated PMN within the same time frame. The third and most convincing reason is our previous work showing that ROCK inhibitors attenuate increases in endothelial permeability caused by supernatant derived from activated PMN after centrifugation (8) .
Another issue to consider is whether neutrophil adhesion and transendothelial migration (TEM) play a role in the observed changes in permeability and tension. In the isolated coronary venule model used in this study, the neutrophils were added to the bath and not to the lumen of the vessel, indicating that adhesion and TEM are not requisite for the increases in permeability. With the cell models, PMN and CVEC were in contact with one another, and thus the factors of PMN-endothelial cell adhesion and TEM cannot be excluded. However, in our previous study, the magnitude of permeability changes caused by supernatant taken from activated PMN after centrifugation was not significantly different from those caused by direct application of C5a-activated PMN to CVEC monolayers (8) . In addition, it is clear that the CVEC are activated, evidenced by increased RhoA activity, MLC phosphorylation, and changes in the structure of the actin cytoskeleton and adherens junctions (8, 42, 52) . Combined, these findings suggest that the changes in permeability and tension observed in this study are mainly due to the active role of endothelial cells on stimulation with factors released from neutrophils, rather than a secondary effect, such as physical disruption of the endothelial barrier during TEM.
After transfection with ca-ROCK, the time course of increased tension appears to be tightly associated with changes in barrier function, suggesting a correlation between ROCKdependent endothelial tension development and increased permeability. This concept is supported by a previously reported numerical model that describes how tension is coupled with the loss of cell-cell adhesion (28) . There are also previous studies that indicate endothelial tension changes play a role in thrombin and phorbol ester-induced endothelial barrier dysfunction (7, 16, 17, 24, 28 -30, 33) . Several reports have also suggested that increased endothelial cell monolayer permeability is associated with formation of gaps between endothelial cells (13, 49), and we did observe gaps between CVEC treated with ca-ROCK. We concede that these results from cell culture may reflect an exaggeration of changes in intact microvessels, as large gaps (Ͼ1 m) have not been observed in intact microvessels on stimulation with inflammatory mediators, but rather more subtle changes in endothelial cell-cell junctions have been reported (5, 26) .
We also show that inhibition of ROCK attenuates neutrophil-induced changes in both endothelial permeability and tension development, suggesting that these changes in barrier function are associated with endothelial tension development. In contrast to ca-ROCK-stimulated changes, PMN-induced changes in tension and barrier function were temporally out of phase, with a peak increase in isometric tension preceding the peak change in barrier function. These data suggest that tension development may not solely account for PMN-induced increases in endothelial permeability. A more likely scenario is that PMN-induced endothelial barrier dysfunction involves multiple signaling pathways and concomitant changes in cellcell adhesion and cell-matrix adhesion in addition to changes in endothelial cell isometric tension (50, 51) . This notion is reinforced by studies showing that the time course of thrombininduced endothelial barrier dysfunction occurs out-of-phase with the time course of thrombin-induced changes in tension (28, 29) .
In summary, we present data suggesting that ROCKmediated actomyosin contraction promotes increased endothelial cell isometric tension that is temporally associated with changes in permeability. We suggest that ROCKmediated increases in endothelial cell isometric tension play an important role microvascular leakage during neutrophil stimulation.
